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Abstract. The size dependent electronic structure and separate spin and orbital 
magnetic moments of free eo;t (n = 4 9) cluster ions have been invest igated by x-ray 
ab orption and x-ray magnetic circular dichroism spectroscopy in a cryogenic ion trap. 
A very large orbital magnetic moment of 1.4 ± 0.1 /.LB per atom was determined for 
Cot , which is one order of magnitude larger than in the bulk metal. Large orbital 
magnetic moments per atom of~ 1 /.LB were also determined for CoJ , Cot , and Cot. 
The orbital contribution to the total magnetic moment shows a non-monotonic cluster 
sizo dependence: T he orbital contribution increases from a local minimum at n = 2 to 
a local maximum at n = 5 and then decreases with increasing cluster size. The 3d spin 
magnetic moment per atom is nearly constant and is solely defined by the number of 
3d holes which shows that t he 3d majority ~pin states arc fully occupied , that is, 3d 
hole spin polarization is 100%. 
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lntrod uction 
One of the main motivations in cluster science is the investigation of how material 
properties develop from the atom to the bulk[1, 2] and one such material property that 
plays a fundamental role in modern day technology is the magnetization. Especially 
cobalt has attracted much attention in this context because of the relatively large 
orbital magnetic moment of the bulk material due to the hcp crystal structure.[3] 
The cluster size dependence of the total magnetic moment of free cobalt clusters has 
been successfully investigated in Stern-Gerlach deflection experiments.[4, 5, 6, 7] It was 
observed that the magnetic moment per atom in clusters with less than ~ 500 atoms 
is enhanced over the bulk value, increases with decreasing inverse cluster radius, and 
depends on the geometrical shell structure of the clusters. The enhancement of the 
magnetic moment is an expected consequence of the reduced size and the larger surface-
to-volume ratio in clusters, both which lead to narrower bands and augment the spin 
imbalance. Additionally, orbital magnetic contributions emerge in small cobalt clusters, 
because they are less efficiently quenched than in the bulk material. [4] While large 
clusters have been intensely studied, the size dependence of the magnetic moment of 
metal clusters in the few atom size regime is still largely uncharted as with decreasing 
cluster size the Stern-Gerlach deflection experiment becomes more challenging. At the 
smallest sizes, the cluster beam intensities decrease rapidly and thermalization is more 
difficult to achieve. 
More recently,[8, 9] x-ray absorption and magnetic circular dichroism spectroscopy 
(XAS and XMCD) of size-selected trapped ionic clusters have contributed to the 
study of cluster magnetism in a complementary way as the use of a buffer gas loaded 
cryogenic ion trap[9, 10] overcomes the difficult ies of thermalization. Additionally, 
the application of the XMCD sum rules[ll , 12] allows for the separation of spin and 
orbital contributions to the magnetic moment. We have now applied this technique 
to clusters with n = 4 9 atoms in order to test conflicting results from different 
Stern-Gerlach experiments[4 , 5, 6, 7] at n ~ 35 and to deliver benchmark values for 
theoretical modeling of the orbital magnetic moment. [13, 14, 15) The interest in such 
modeling is strongly motivated by the pursuit of a better understanding of the magnetic 
anisotropy energy, which is of great technological importance and is closely related to 
the orbital magnetic moment. [16] Very recently, electronic structure calculations[13] 
have been performed on Con clusters with the objective of overcoming the systematic 
underestimation of f.LL inherent to relativistic DFT calculations that were reported 
up to now.[17, 14] The most recenc approach has included the orbital dependence of 
the on- ite Coulomb interaction .[13, 15] In tho e calculation , the orbital magnetic 
moments per atom, f.LL :::; 0.7 f.LB , determined by XMCD, of small Co;t clusters with 
n 2: 8 and of the cobalt diatomic molecular cation (f.LL = 1 f.LB) were already used as a 
benchmark. [18, 10, 8] 
While in the meantime f.Ls and f.LL from XMCD measurements have also been reported for 
the cobalt trimer cation[19] with f.LL :::; 0.5 f.LB per atom, accurate experimental values 
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for the cluster size range from n = 4 - 9, where 3D cluster sLrucLures appear, are sL ill 
missing. In the case of iron, already the smallest clusters have largely quenched orbital 
magnetic moments.[9] In the following, we present XMCD data that closes this gap from 
n = 4 to n = 9 and thus allows, through combination with Stern-Gerlach data on the 
neutral species, for a complete view of how the magnetic moment , with spin and orbital 
contributions resolved, develops from the atom to the bulk. 
Experimental Methods 
The 2p x-ray absorpt ion spectra of free cobalt cluster cations were recorded at the 
anoclusterTrap end station located at the UE52-PGM beamline of the BESSY II 
synchrotron radiation storage ring operated by Helmholtz-Zentrum Berlin. The setup 
has been described in detail before[20, 9, 10] and only a short summary will be given 
here. A liquid nitrogen cooled magnetron-sputtering gas-aggregation cluster source 
was used to produce a beam of cobalt cluster cations with a broad and tunable size 
distribution. Subsequently, the cluster size of interest was selected out of the ion 
beam with a quadrupole mass filter. The mass-filtered ion beam was then fed into 
the cryogenic ion trap, fi lled up to the space charge limit of ~ 5 x 107 ions per cm3 . 
The cluster cations entering the ion trap are thermalized by the helium buffer gas to 
a temperature of T ~ 15 K and were magnetized in the magnetic field of J.LoH = 5 T 
generated by a superconducting solenoid. The high helium buffer gas pressure in the ion 
trap, in the order of 10- 4 mbar, guarantees that many collisions between trapped ions 
and cold buffer gas atoms take place. This leads to thermalization and magnetization 
times in the order of ms while the lifetime of trapped ions is in the order of tens of 
seconds. The thermalized, trapped ion cloud was irradiated for every data point in 
the x-ray absorption and XMCD spectra for a period of 8 s with the monochromatic 
(6.E = 625 meV), circularly polarized (90% polarization) x-ray beam generated by 
the 3 rd harmonic of the undulator. The absorption of an x-ray photon by a parent 
cluster cation creates a core-hole and its relaxation induces the fragmentation of the 
absorbing cluster into smaller ions. The produced ion yield was analyzed using t ime-
of-flight mass spectrometry while scanning the photon energy over the cobalt £ 2,3 edge 
in 250 me V steps. The proportionality of the partial ion yield of the dominating Co+ 
fragment channel to the total ion yield was verified by comparing the spectra resulting 
from different fragmentation channels in the resonant excitation region. (20] 
A set of at least three x-ray absorption spectra was recorded each for right (a+) and left 
(a- ) circular polarization of x-rays, respectively, per cluster size. The observed XMCD 
effect was quantified into spin and orbital magnetization with the help of the XMCD 
sum rules[ll, 12] . The XMCD sum rules are explicitly given by: 
(
3 JL (a+ - a- ) - 2 JL (a+ - a- ) 7 ) 
ms = -2hdf.LB 
3 J ( + 2~) + ?Tz 
L a + u ~ 2 ,3 
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with the number of 3d holes hd, the spin magnetic dipole term Tz, and the approxi-
mation that the linear x-ray absorption cross section perpendicular to magnetization 
direction 0"0 is equal to the average of left and right circularly polarized x-ray absorp-
tion, ! (O"+ + 0"- ) . This approximation has been shown to be valid in several cases, e.g. 
bulk iron and cobalt [21] and free clusters [9, 10]. In our experiment the magnetic field 
is antiparallel to the k-vector of the x-ray photons. Since absolute photon energies were 
not calibrated precisely, all spectra shown here have been rigidly shifted by 2.65 eV 
to higher photon energy in order to match the calibrated photon energy of previously 
published data. [Hirsch09] Relative energy shifts between individual cluster sizes are 
accurate to within 100 me V. 
Results 
X-ray Absorption and XMCD Spectroscopy 
The polarization averaged~ (O"+ + O"- ) x-ray absorption and corresponding magnetic cir-
cular dichroism ( O"+ - O"- ) spectra of Co~ with 4 :::; n :::; 9 are shown in figure 1. Relative 
energies are not affected by this shift. Absorption and dichroism spectra are displayed 
on the same vertical scale, albeit v.rith an offset for clarity, making the magnitude of x-
ray absorption and XMCD directly comparable. T he La,2 lines in the absorption spectra 
are narrower[20, 22] than in spectra of bulk samples and multiplet effects are clearly 
visible, which cause the appearance of an additional feature at the high energy side of 
the La line. This additional line becomes well separated for clusters with less than 7 
atoms where also the multiplet features become sharper and a third feature emerges at 
a photon energy of about 783 eV, marked in figure 1 by a dashed line. This third feature 
may be due to transitions into a narrow s band. T he appearance of this feature coinci-
des with the increase in symmetry of the proposed geometric structure from the capped 
tetragonal bipyramid (C2v) of Coj to the tetragonal bipyramid (D3d) of Coci-[23] A dif-
fering structural motif may also be the reason for the observed broadening and change 
in the high energy shoulder of the L3 line in the spectrum of Cot with respect to the 
spectra of Co~ n = 7 and 8. Indeed, while the reported structures of Coj and Cot are 
geometrically related, singly- and doubly-capped tetragonal bipyramids,[23], a tricap-
ped trigonal prism was proposed for Cot.[24] The observed multiplet effects in the x-ray 
absorption spectra are an indication of a considerable degree of spatial localization of 
the 3d states in comparison to the bulk material. [20] 
The XMCD spectra in figure 1 are all qualitatively similar , showing a large negative 
dichroism at the La edge and smaller positive dichroism at the L2 edge. Both La and 
£2 dichroism lines are clearly asymmetric with tails on t he high energy side. As for the 
absorption spectra, the XMCD spectra of dimer and trimer cations are more structured 
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Figure 1. Cobalt 2p x-ray absorption average (~(a+ + a- )) of left and right circularly 
polaTized light (left) and XMCD (a+- a-) (right) spectra of eo; clusters (n = 4 - 9). 
For comparison, spectra of dimer [l8) and trimer [l9) cations are also shown. Spectra 
are shown on the same cale but vertically offset for clarity. 
because of mult iplet effects but apart from that, no cluster size is distinguished by a 
significantly different XMCD pattern. ote that the feature at ~ 783 eV observed in 
the x-ray absorpt ion spectra does not show dichroism. However, the XMCD spectra of 
cobalt clusters with four and five atoms stand out because of their particularly weak 
dichroism at the L2 edge. This correlates to the already mentioned observation of clear 
multiplet effects in the corresponding absorption spectra. According to the orbital sum 
rule this weak positive dichroism at the L2 edge is a clear indication of an increa-
sed orbital cont ribution to the magnetic moment. [25] In the following the XMCD sum 
rules[ll , 12] are used in order to quantify the orbital contribution to t;he total magnetic 
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momenL as a funcLion of clusLer size. 
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F igu re 2. Experimcntatly determined orbital-to-spin magnetic moment ratio as a 
function of cluster size. For comparison the values for Co;t clusters with n = 2, 3, 10 - 15 
[18, 19, 10] and the value of 0.07 for bulk cobalt[3] are also shown. Note that the ratio 
for the cobalt cation in its [Ar]3d8 3 F ground state is 1.5 and for the cobalt atom with 
[Ar]3d7 4s2 4 F ground state is 1, both of which ru·e outside the scale that is shown here. 
T he ratio of orbital-to-effective-spin magnetic moment(Lz) / ( (2Sz) + 7 (Tz)) can be de-
termined with high accuracy, because any dependence on the number of holes hd, ion 
temperature Tion, or isotropic spectrum 0"0 + O"+ + O"- is canceled from the XMCD sum 
rules. The remaining spin magnetic dipole term Tz is estimated to be negligible as it has 
been shown to be :::; 10% of the spin even in iron, cobalt , and nickel dimer cations[18, 26] 
where it would be expected to be of considerable magnitude. In figure 2 the orbital-to-
spin magnetic moment ratio J-lL / J-ls = Lz/2Sz obtained for Co~ is shown as a function 
of the number of atoms per cluster n. It can be seen that the ratio 1-ld J-ls is a non-
monotonic function of the cluster size n, strongly increasing from n = 2 to n = 5 by 
almost a factor of t.hree. With further increasing cluster size the J-lL / J-ls ratio decreases 
with an additional local maximum at n = 8. Note that the small ratio for the dimer 
is not a consequence of symmetry-induced orbital magnetic moment quenching, as Lz 
along the intramolecular axis (A) is still a good quantum number in the diatomic mo-
lecular ion. Instead, the small orbital magnetic moment in Cot is due to its electronic 
configuration with three electrons in a doubly degenerate orbital of 1r symmetry with 
ml = ± 1. [18] The considerable difference between the orbital-to-spin magnetic moment 
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ratio of Cot5 and Cot indicaLes an abrupL change in the symmetry of Lhe 3d derived 
' 
states between n = 5 and n = 6. Overall the ratio in the n = 2 15 cluster size range is 
considerably higher, by a factor of two to nine, than in bulk cobalt[3] , as indicated in 
figure 2. 
Size dependent spin and orbital magnetic moments 
From the application of the X 1CD sum rules to the experimental data shown in fi-
gure 1 we obtain the spin and orbital magnetization per cluster normalized to the 
number of unoccupied 3d states (3d holes) , at the experimental conditions of magnetic 
field strength J.LoH and temperature 1ion, for each cluster size. T he magnetization of 
the free clusters as a function of the magnetic field strength and cluster temperature is 
described in first-order approximation by the Brillouin function. It is therefore possible 
to obtain the saturation magnetization, that is, t he magnetic moment f.LJ , using the 
Brillouin function. The Brillouin function has the parameters hd, 'lion , J.LoH , and the 
J.Ld J.Ls ratio. As an initial assumption for the a priori not exactly known ion tempera-
ture and number of 3d holes, we resort to our previous experiments[18, 10] on Co~ with 
n = 2, 3, 10 - 15 at comparable experimental parameters as the ones used in the present 
work. In our previous experiments[ l8, 10] we were able to show t hat the number of 3d 
holes is almost constant in t his size range and equals the value of bulk cobalt.[21] The 
star ting assumption is, therefore, a number of 3d holes hd = 2.5 and an ion temperature 
lion = 12 ± 3 K. Also from the same previous studies, we expect complete hole spin 
polarization. In case of full hole spin polarization (spin magnetic moment of 1 f.LB per 
hole) , the hole spin magnetization obtained from the application of the spin sum rule to 
the measured XMCD spectra should be equal to the total (spin plus orbital) magnetiza-
tion obtained from the Brillouin function because all holes are situated in the minority 
spin band. The comparison of hole pin magnetization from XMCD and expected Bril-
louin magnetization is shown in figure 3. Overall the measured hole spin magnetization 
for Cot_ 9 matches the expectations. The less good agreement for Cot and Cot could 
be accounted for by slightly higher ion temperatures of 18 K and 23 K, respectively. 
Increased temperatures of the smallest clusters is not surprising as the smaller clusters 
can be expected to be more strongly affected by radio-frequency heating induced by 
the ion trap.[9] Other possible explanations would be a reduced number of 3d holes or 
a broadening of majority and minority spin bands leading to an overlap of both bands 
with the Fermi energy and thus to incomplete hole spin polarization. The spectroscopic 
indication of the former would be a reduced total absorption intensity, and the latter 
would lead to a markedly reduced L3 to L 2 branching ratio. As we do not observe any 
clear spectroscopic indication of neicher one, the higher cluster temperature is the most 
probable explanation for the deviation from the expected magnetization. 
While the starting assumption of 2.5 holes in the 3d-derived states is reasonable, a more 
detailed estimate of the number of 3d holes results from the expected electronic configu-
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Figure 3. Measured 3d hole spin magnetization in J.I. B (left) and expected normalized 
magnetization M fMs (right) for complete 3d hole spin polarization of Co;t as a 
function of cluster size n. The boundaries of the expected magnetization (gray) result 
from the upper (15 K) and lower (9 K) boundaries on the ion temperature. The ion 
temperature is underestimated for n = 4, 5. (see text for a detailed discussion) 
ration of eo+ clusters 3d7n+l+2m4s2(n- l- m) with m < n - 1 which considers a possible 
n ' ' - ' 
4s-3d transfer of an even number 2m of electrons. We expect the number of occupied 
states in the 4s band to be even because in the few atom regime the density of states 
is still discrete and the 4s exchange interaction is too small to cause any considerable 
4s spin imbalance. Thus, any additional atom for a given cluster size contributes either 
1 /1-B or 3 J.i>B to the spin magnetic moment. For Co!_ 9 we can therefore conclude that 
the spin magnetic moment is determined by the number of 3d holes and that the hole 
spin polarizat ion is 100 %. Applying these constraints we can assign the number of 
holes hd and the corresponding spin multiplicities and orbital magnetic moments for 
each cluster size as listed in table 1. 
The corresponding magnetic moment per atom as a funct ion of cluster size with spin 
Tab le 1. Spin multiplicities 2S + 1 and electronic orbital angular momcnta Lz in li 
per cluster and per atom for Cot_ 9 . The number of 3d holes per atom hd is listed in 
the third column and is equal to the average spin magnetic moment per atom due to 
complete hole spin polari ~ation. 
28+ 1 Lz in li hd per atom J.I.L per atom in J.I.B 
(= J.£s per atom in J.£B) 
Cot 10 4.8 ± 0.2 2.25 1.21 ± 0.07 
eo+ 5 13 7.4 ± 0.3 2.4 1.47 ± 0.06 
eo+ 6 16 5.9 ± 0.3 2.5 0.9 ± 0.03 
Coj 19 6.1 ± 0.4 2.58 0.87 ± 0.03 
eo+ 8 20 8.1 ± 0.5 2.38 1.00 ± 0.06 
eo+ 9 23 6.7 ± 0.5 2.44 0.74 ± 0.03 
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Figure 4. Spin (empty circles) and orbital (rhombi) magnetic moments per atom 
of Cot 9 clusters determined with the help of XMCD sum rules (this work) and of 
cot3,LO 15 (triangles). [19, 10, 18] . Theoretical predictions by !V1inemoto96 [27] for 
Cot (cro s) , Hanmura09 [28] for Cot _ 7 (pentagons) , Gchrkc09 [23] for Cot - s (full 
circles) , Kiawi15 [24] for Cot,9 (squares) , and Martinez13 [29] for Cot_9 (stars) are 
also shown. The lines are guides to the eye. 
and orbital contribution resolved is shown in figure 4. As the number of 3d holes varies 
only slightly around 2.5 (see table 1), the spin magnetic moment per cobalt atom is close 
to constant with cluster size, in other words, the magnetic moment per cluster increases 
almost linearly with increasing cluster size. The full spin polarization of 1 /-L B per hole, 
i.e. , a spin magnetic moment per atom of~ 2.5 f.Ls , follows the initial assumption that 
all the clusters studied here have all their atomic spins coupled in parallel fashion and 
are thus single domain, as was the case for Coi0 - 15.[10] The orbital magnetic moment 
per atom, while showing a general trend to decrease with cluster size, does not behave 
strictly monotonic as a function of cluster size. When comparing with the high ILL / J.ls 
ratio for Cot,5 seen in figure 2 it is clear that this exceptionally high ratio is caused by a 
combination of both an increased orbital magnetic moment per atom and a lower spin 
magnetic moment per atom due to a slight ly reduced number of 3d holes. 
Theoretical predictions[23, 27, 28, 29, 24] for the spin magnetic moments for Cot _9, 
available in the literature, are also shown in figure 4. Apart from reference [27] where 
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the discrete varia tional X a (DV-X a ) method was used, all theoretical studies have used 
density functional theory (DFT) with the generalized gradient approximation (GGA) to 
the exchange-correlation functional. When comparing theoretical predictions and expe-
rimental results of the present study, it is worth noting t hat only for Cot all predictions 
and our experimental results agree on a multiplicity of 2S + 1 = 16, that is, 1-Ls = 15 /-LB· 
Overall, the predictions systematically underestimate the spin magnetic moment, a trend 
which has already been observed in the n = 10 - 15 size range for Fe;i, Co;i , and Ni;i 
clusters.[10] evertheless, a qualitatively similar evolution of the spin magnetic moment 
as a function of cluster size can be observed in the experimental values and theoretical 
predictions, with a local maximum at n = 6, 7. When comparing with predictions for the 
neutral species, not shown in the figure, a correlation between cluster size and effect of 
electron removal on the spin multiplicity can be observed. A common assumption is that 
the spin multiplicity of ionic and neutral species differs by ± 1 because ionization or elec-
tron attachment are considered one-electron processes. For the smaller Co4,5 clusters, 
the comparison to the predictions for neutrals , not shown in figure 4, shows that almost 
all studies predict ground state spin multiplicities for the neutral species which are higher 
than the ones determined in this work, and also higher than predicted,[23, 27, 28, 29] for 
the cationic species.[13, 30, 31, 32, 33, 34, 35, 36, 37, 38, 29, 39, 40, 41, 42] Contrastingly, 
for the larger neutral Co6- 9 clusters, the majority[32, 33, 34, 35, 36, 37, 38, 29, 40, 41] of 
the studies predict lower spin multiplicities for the neutral species than the ones determi-
ned here for t he cationic one::;, and even lower t han predicted for cat ion::;,[23, 28, 29, 24] 
while only two studies[13, 30] predict higher spin multiplicities. 
For the orbital magnetic moment of Co;i with 4 ~ n ~ 9 there are no predictions avai-
lable in the literature. For the neutral species, a recent theoretical swdy[13] predicted 
I-LL = 0.67 - 0.74 I-LB per atom for Co4-g clusters, in reasonable agreement with experi-
mental results for cationic clusters Co;i with n = 2, 8, 9 available at the time. [8, 18] It 
should be noted that orbital magnet ic moments;::: 0.5 /-LB per atom are only predicted by 
theory when explicitly taking into account the orbital dependence of the on-site Coulomb 
interactions. [15, 13] In contrast to theoretical predictions for neutral clusters[13], the re-
sults presented here indicate that the orbital magnetic moment per atom has a strong 
size-dependence, strongly increasing with increasing cluster size for Co;i 2 ~ n ~ 5 and 
decreasing for clusters with n ;::: 6. 
Interpr etation & Discussion 
High orbital-to-spin magnetic moment ratio, geometric structure, and reactivity 
The exceptionally high orbital-to-spin magnetic moment ratio f-Ld /-LS observed for Cot,5 
coincides with their reported increased reactivity towards H2, N2 , CH4 , and C2H4 . [43] 
The increased reactivity at these cluster sizes is believed to be caused mainly by ge-
ometric constraints but not by the specific electronic structure because it has been 
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observed for various transition met.al clusters independent of their specific filling of the 
3d shell. [43] As an explanation it was proposed that the non-metal reagents are activated 
by donated electrons from the metal cluster. This implies that the geometric structures 
of cationic TM clusters with n = 4, 5 favor t he donation of electrons. Electrons easily 
available for donation should not be crucial to the metal-metal bonding in the cluster 
but are instead non-bonding and localized at their atomic sit es. The symmetry at the 
site of t hese localized electrons would be less perturbed by the surrounding electronic 
density and a considerable amount of orbital angular momentum could survive due to 
the, at least partially, preserved orbital degeneracy. The degree of localization and thus 
the amount of surviving orbital magnetic moment then strongly depends on the specific 
geometric structure. This reasoning is in agreement with the observed non-monotonic 
cluster size-dependence of the orbital magnetic moment J.LL per a tom, as shown in fi-
gure 4. 
0Tbital magnetic moment and magnetic anisotropy energy 
The observed large orbital magnetic moment of 1.4 f.LB per atom for Cot is much larger 
than the highest predicted values for small cobalt clusters of up to 0.86 /-LB per atom. [13] 
It is worth not ing that average values of Lz 2:: 1 I-LB per atom from 3d orbitals require 
incomplete occupation of degenerate orbitals with both m L = ± 1 and m£ = ±2. On 
metallic surfaces, only for the cobalt adatom on Pt(111) a comparable large value of 
1.1 ± 0.1 I-LB per cobalt atom has been measured so far. [44] For this system, a magnetic 
anisotropy energy (MAE) of 9 me V per cobalt atom was det ermined and a strong cor-
relation of the magnitude of the MAE to the magnitude of orbital angular momentum 
L was found. It was also observed that , while Lz reacts very sensitively to changes in 
the local coordination, the spin angular momentum S does not. The robustness of the 
spin S is due to a nearly filled majority spin band. The strong dependence of Lz on 
the local environment has also been predicted by theory for small , free transition me-
tal clusters in calculations, where the orbital dependence of the intra-atomic Coulomb 
interactions was taken into account. [15] Both observations of filled majority spin states 
and a strong dependence of Lz on the geometric structure, are in very good agreement 
with the cluster size-dependent behavior described in the present work. Because a filled 
majority spin band has been determined with XMCD for cobalt clusters with 10 to 15 
atoms before,[lO] any opening of the majority spin band due to, for example, an increa-
sed overlap wit h the spin minority band and crossing of the Fermi energy should occur 
at larger sizes. 
For coba lt clusters on surfaces[44], Lz decreased rapidly with increasing cluster size 
and the remaining MAE was then predominantly due to the large spin-orbit coupling 
of the P t surface. In our case, the large Lz is intrinsic to the Cot cluster as there 
is no interaction 'Yith any surface but the predicted bipyramid geometry[23, 28, 29] 
places all atoms at vertices, with the symmetry at the local sites far from the four-
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fold rotational point symmetry that would lead to a quenching of the orbital an-
gular momentum. In Cot low coordination leads to d-band narrowing and thus to 
an increased spin-orbit coupling (SOC) energy.[45, 44, 46] The enlarged SOC energy 
could lead to a considerable MAE, much higher than the ~ 60 J.Le V per atom of 
bulk cobalt[47] and possibly even comparable to the 9 meV per cobalt atom on pla-
tinum surfaces. [44] A very rough estimate of the MAE of Cot can be estimated from 
the Bruno model[45] with the 3d SOC energy of cobalt , { ~ 64 meV and the large 
orbital magnetic moment of 1.4 f.L B· [48] We estimate the orbital magnetization in 
the hard-plane Lxy of Cot to be comparable in magnitude to the average orbital 
magnetization Lz = 0.9 /-LB of Co.;t with n = 4, 6- 9. One then indeed obtains[45] 
64 meV /4 x (1.4(easy- axis)- 0.9(hard - plane))~ 8 meV per Co atom for Cot, 
In the bulk, the MAE is typically associated with a blocking temperature below which 
the magnetic moment locks onto the fixed easy-axis of magnetization. The situation is 
opposite for free clusters, where the magnetic moment still precesses around the applied 
magnetic field but the lattice follows this precession, leading to hindered rotation and 
thus to spatial alignment. The corresponding blocking temperature in our experiment, 
according to the Arrhenius relation and due to the lifetime of clusters in the ion trap in 
the order of ~ 10 s, would then equal 5 x 8 me V x (k8 In (10 s/10 ps))- 1 ~ 17 K. The 
attempt period of 10 ps is estimated from the Larmor frequency at 5 T. 
The expected effective degree of spatial alignment of the clusters achieved at the current 
temperature i~ low due to the high den~ity of rotational ~tate~ and thu~ no con~iderable 
spcctroscopic evidence of a net spatial alignment in the trap can be expected. I c-
vertheless, it only introduces a small error in the magnetic moment since, as we have 
shovm previously, even for the extreme case of cobalt diatomic molecular cations with 
higher MAE, lower density of rotational states, and cooled to lower temperature, the 
deviation from the Brillouin function is small. [18, 26] An improved description would 
require an effective Zeeman-Hamiltonian. [49, 50, 18] Remarkably, some indications of 
emerging blocked-moment behavior has been observed in Stern-Gerlach experiments on 
small Co clusters at temperatures around 50 K. [5, 6] In summary, we expect the trigonal 
bipyramid Cot cluster to have a considerable MAE due to its large orbital magnetic 
moment and its elongated structure, but significantly lower ion temperatures are requi-
red for spectroscopic evidence of blocking. 
Total magnetic moments from atom to bulk 
Combining the values obtained here for the total magnetic moment with values from 
Stern-Gerlach experiments and from our previous XMCD experiments, we can now plot 
the magnitude of the total magnetic moment per atom f.LJ as a function of inverse cluster 
radius over the whole size range from the dimer to clusters containing hundreds of atoms. 
This is shown in figure 5. It should be noted though, that although there is no obvious 
reason why the charge on the cations should make much of a difference in clusters with 
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> 100 valence electrons, iL cannot. be strictly ruled out as exemplified by the peculiar 
case of Fet3 . [9, 10] In the smallest cobalt clusters with n ~ 10 the magnitude of the 
total magnetic moment develops non-monotonically as cluster size increases, depending 
on the part icular geometry of the cluster. In this size range, the spin magnetic moment 
oscillates between 2 - 2.58 J.LB per atom and the orbital contribution to the total magnetic 
moment is significant. For 10 ;S n ;S 20, the spin magnetic moment of~ 2.5 Ji-B per atom 
is close to constant while the orbital magnetic moment decreases with increasing cluster 
size. For larger sizes 35 ;S n ;S 500 the orbital magnetic moment is strongly suppressed 
and the total magnetic moment decreases almost linearly with decreasing inverse cluster 
radius due to the increasing broadening and overlap of both, majority and minority 
states with the Fermi energy, which leads to the opening of holes in the majority spin 
band. The total magnetic moment levels off at n ~ 500, where it reaches the value of 
bulk hcp cobalt. The decreasing surface-to-volume ratio (S/V ex R2 / R3 = 1/ R) leads 
to an increase of the average atomic coordination and to an accompanying 3d band 
broadening resulting in a reduction of spin imbalance. T he onset of the reduction of 
spin imbalance by increasing width of minority and majority bands can be estimated to 
bulk 
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Figure 5. Total magnetic moment per atom of Con clusters as a function of the inverse 
cluster radius. T he values for Co;t with n = 2, 3, 10 15 are taken from our previous 
Xl\IICD rcsults. [10, 18, 19] Results from Stern-Gerlach experiments on neutral species 
available in the literature, Billas94 [4], Xu05 [5], Knickelbein06 [6], Payne07 [7] are 
shown for comparison. Also shown are the values for hcp cobalc[3] and for the atom 
and ion in t heir corresponding 4 F and 3 F ground states, respectively. For clusters 
with 5 ~ n ~ 500, t he total magnetic moment roughly follows a 1/ R dependence, 
as indicated by the broken line. See text for a discussion of the orbital and spin 
contributions. 
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occur at the laLest at clusLer size n ::::::: 37 where the Lotal magneLic momenL per aLom 
drops below the average number of 3d holes of::::::: 2.5 per atom. Around n::::::: 37 is also 
the smallest cluster size at which the results of the different Stern-Gerlach experiments 
all agree within experimental uncertainties. For clusters with n :::; 25 the Stern-Gerlach 
experiment is more challenging than for larger sizes due to thermalization issues, a fact 
that is mirrored by the disagreement between the different reported results for cluster 
sizes down to n = 13. 
Examining now the smallest clusters and beginning with the dimer , the comparison with 
figure 2 clearly shows that bond fonnation strongly reduces the orbital contribution to 
the total magnetic moment. The reduction is especially dramatic in the case of cobalt 
as both the atom and cation have an orbital magnetic moment of 3 J.l-B which is the 
largest orbital magnetic moment of a 3d element in its atomic or ionic ground state, 
according to Hund 's rules. From figure 2 we know that the orbital magnetic moment 
strongly decreases from the atom to the dimer, then increases for n = 2- 5 and then 
decreases again with cluster size for n 2:: 6. It is already reduced by a factor of ::::::: 5 
from its atomic value at n = 9, and by a factor of::::::: 10 at n = 15. As we have shown 
here, the spin magnetic moment per atom is close to constant while the orbital magnetic 
moment strongly depends on the exact cluster size and geometry in smaller clusters with 
n :::; 15, corresponding to the size regime of emergent phenomena, and thus a simple 
scaling law[51] cannot be expected to hold. If at all, the use of scaling laws for spin or 
orbital magnetic moment::; may be valid for 40 ;S n ;S 500. 
Conclusions 
In conclusion, we find that for Co;i clusters the orbital contribution to the total magnetic 
moment is highest in the 3 < n < 10 cluster size range and even dominates the variation 
of the total magnetic moment for 2 > n > 5. We also find that the spin magnetic 
moment per atom is close to constant at least up to n = 15 as the hole spin polarization 
in small cationic cobalt clusters is unity. The magnitude of the spin magnetic moment 
per cluster in this size range is thus determined by the number of 3d holes p er a tom, 
which does not vary in a considerable way as a function of cluster size. Co!-9 clusters 
have a large orbital magnetic moment per atom of up to 1.4 J.l-B for Cot , which is one 
order of magnitude larger than in bulk hcp cobalt. This exceptionally large orbital 
magnetic moment of Cot is a sign of the highly localized nature of the 3d orbitals in 
this particular cluster. A previously reported maximum in the reactivity at this cluster 
size probably is the effect of this strong 3d orbital localization. Furthermore, the Cot 
cluster possibly possesses a large magnetoanisotropy energy, which we estimate to be of 
the order of 10 meV per atom, much larger than most 3d transition metal-based single-
molecule magnets and comparable to values obtained for lanthanide-based ones. [52] 
Lastly, we find that in clusters with less than ten atoms, the strong dependence of the 
orbital magnetic moment on the specific cluster geometry, together with the dependence 
of the spin magnetic moment on the number of 3d holes, dominate over any simple 
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dependence on the inverse cluster radius. This size regime is Lhus non-scalable where 
emergent phenomena are observed but no simple scaling law can be expected to be valid 
for spin or orbital magnetic moments. 
Large orbital magnetic moments of small cobalt clusters 16 
Acknowledgments 
We thank HZB for the allocation of synchrotron radiation beamtime at the beamline 
UE52-P GM. The superconducting magnet was provided by Toyota Technological 
Institute. AT acknowledges financial support by Genesis Research Institute, Inc. This 
project was partially funded by the German Federal Ministry for Education and 
Research (BMBF) under Grant No. BMBF-05K13VF2 and No. BMBF-05K16VF1. Bvi 
acknowledges travel support by HZB. 
References 
[1] J . A. Alonso. Electronic and atomic structure, and magnetism of transition-metal clusters. Chem. 
Rev., 100:637, 2000. 
[2] F Baletto and R Ferrando. Structural properties of nanoclusters: Energetic, thermodynamic, and 
kinetic effects. Rev. Mod. Phys., 77:371, 2005. 
[3] R. M. Moon. Distribution of magnetic moment in hexagonal cobalt. Phys. Rev., 136:A195, 1964. 
[4] I. M. L. Billas, A. Chatclain, and de Hoer, W. A. Magncti m from the atom to the bulk in iron, 
cobalt, and nickel clusters. Science, 265:1682 , 1994. 
[5] X. Xu, S. Yin, R. Moro, and W. A. de Heer. Magnetic moments and adiabatic magnetization of 
free coha.lt clusters. Phys. Rev. Lett. , 95:237209, 2005. 
[6] M. B. Knickelbein. Magnetic moments of bare and benzene-capped cobalt clusters. J_ Chem. 
Phys., 125:044308, 2006. 
[7] F. W. Payne, Wei Jiang, J_ W. Emmert, Jun Deng, and L. A. Bloomfield. Magnetic structure of 
free cobalt clusters studied with Stern-Gerlach deflection experiments. Phys. Rev. B, 75:094431, 
2007. 
[8] S. Peredkov, f. eeb, W. Eberhardt, J. Meyer, M. Tombers, H. Kampschulte, and G. Iiedner-
Schatteburg. Spin and orbital magnetic moments of free nanopar ticles. Phys. Rev. Lett., 
107:233401, 201 1. 
[9] M. iemeyer, K. Hirsch, V. Zamudio-Bayer, A. Langenberg, M. Vogel, M. Kossick, C. Ebrecht, 
K. Egashira, A. Terasaki, T. Moller, B. v. Issendorff, and J. T. Lau. Spin coupling and orbital 
angulru- momentum quenching in free iron clusters. Phys. Rev. Lett., 108:057201 , 2012. 
[10] A. Langenberg, K. Hirsch, A. Lawicki, V. Zamudio-Bayer, M. iemeyer, P. Chmiela, B. Langbehn, 
A. Terasaki, B. v. Issendorff, and .T. T . Lau. Spin and orbital magnetic moments of size-selected 
iron, cobalt, and nickel clusters. Phys. Rev. B, 90:184420, 2014. 
[11] B. T. Thole, P. Cru-ra, F. Sette, and G. van der Laan. X-ray circular-dichroism as a probe of 
orbital magnetization. Phys. Rev. Lett., 68:1943, 1992. 
[12] P. Carra, B. T. Thole, M. Altarelli , and X. D. Wang. X-ray circula.r-dichroism and local magnetic-
fields. Phys. Rev. Lett. , 70:694, 1993. 
[13] L. Peters, I. Di Marco, 0. Granas, E. ~a-§ioglu, A. Altun, S. Rossen, C. Friedrich, S. Bliigel, M. I. 
Katsnclson, A. Kirilyuk, and 0. Eriksson. Correlation effects and orbital magnetism of Co 
clusters. Phys. Rev. B, 93:224428, 2016. 
[14] P. Blonski and J . Hafner. On the interplay between geometrical structure and magnetic anisotropy: 
a relativistic density-functiona l study of mixed Pt-Co and Pt-Fe trimers and tetramers in the 
gas-phase and supported on graphene. J. Phys.: Condens. Matte1·, 27:046002, 2015. 
[15] R. A. Guirado-L6pez, J . Dorantes-Davila, and G. M. Pastor. Orbital magnetism in transition-
metal clusters: From hund's rules to bulk quenching. Phys. Rev. Lett., 90:226402, 2003. 
[16] D Sander. The magnetic anisotropy and spin reorientation of nanostructures and nanoscale fi lms. 
Journal of Physics: Condensed Matter, 16:R603, 2004. 
[17] S. Bornemann, 0. Sipr, S. Mankovsky, S. Polesya, J . B. Staunton, 'vV. Wurth, H. Ebert, and 
Large orbital magnetic moments of small cobalt clusters 17 
J. Minar. Trends in the magnetic propert ies of Fe, Co, and i clusters and monolayers on 
Ir(111), Pt(111), and Au(111). Phys. Rev. B , 86:104436, 2012. 
[18] V. Zamudio-Bayer, K. Hirsch, A. Langenberg, A. Lawicki, A. Terasaki , B. v. Issendorff, and J. T. 
Lau. Electronic ground states of Fet and Cot as determined by x-ray absorpt ion and x-ray 
magnetic circular dichroism spectroscopy. J. Chem. Phys., 143:244318, 2015. 
[19] S. T. Akin, V. Zamudio-Bayer, K. Duanmu, G. Leistner, K. Hirsch, C. Bi.ilow, A. Lawicki, 
A. Terasaki, B. von Issendorff, D. G. 'n·uhlar, J . T. Lau, and f. A. Duncan. Size-dependent 
ligand quenching of ferromagnetism in Co3 (benzene)~ clusters studied with X-ray magnetic 
circulm dichroism spectroscopy. J. Phys. Chem. Lett .. 7:4568, 2016. 
[20] K. Hirsch, J. T. Lau, P h Klar, A. Langenberg, J. Probst, J . llittmann, M. Vogel, V. Zamudio-
Bayer, T. Mollcr, and B. von Issendorff. X-ray spectroscopy on size-selected clusters in an ion 
trap: from the molecular limit to bulk properties. J. Phys. B: At., Mol. Opt. Phys., 42:154029, 
2009. 
[21] C. T. Chcn, Y. U. Idzcrda, H. J . Lin. . V. Smith, G. Mcigs, E. Chaban, G. H. Ho, E. Pellegrin, 
and F. Sette. Experimental confi rmation of t he x-ray magnetic circular-dichroism sum-rules for 
iron and cobalt. Phys. Rev. Lett. , 75:152, 1995. 
[22] K. Hirsch, V. Zamudio-Bayer, J. Rittmann, A. Langenberg, M. Vogel, T. Moller, B. v. Issendorff, 
and J . T. Lau. Initial- and final-state effects on screening and branching ratio in 2p x-ray 
absorption of size-selected free 3d transition metal clusters. Phys. Rev. B, 86:165402, 2012. 
[23] R. Gehrke, P. Gruene, A. Fielicke, G. Meijer, and K. Reuter. ature of Ar bonding to small Co;t 
clusters and its effect on the st ructure determination by far- infrared absorption spectroscopy. 
J. Chem . Phys., 130:034306, 2009. 
[24] D. M. Kiawi, J. M. Bakker, J. Oomens, W. J . Buma , Z. Jamshidi, L. Visscher, and L. B. F. M. 
Waters. Water adsorption on free cobalt cluster cations. J. Phys. Chem. A , 119:10828, 2015. 
[25] P. Gambardella, S. S. Dhcsi, S. Gardonio, C. Grazioli, P. Ohresser, and C. Carbone. Localized 
magnetic states of Fe, Co, and Ni impurities on alkali metal films. Phys. Rev. Lett. , 88:047202, 
2002. 
[26] V. Zamudio-Bayer, R. Lindblad, C. Bi.ilow, G. Lcistner , A. Tcrasaki , B. von Issendorff, and J . T. 
La u. Electronic ground state of it . J. Chem. Phys., 145:194302, 2016. 
[27] S. Minemoto, A. Terasaki, and T. Kondow. Electronic structures of cobalt cluster cations: 
Photodissociation spectroscopy of Co;t Ar (n = 3-5) in the visible to near-infrared range. J. 
Chem. Phys., 104:5770, 1996. 
[28] T. Hanmura, M. Ichihashi, R. Okawa. and T. Kondow. Size-dependent reactivity of cobalt cluster 
ions with nitrogen monoxide: Competition between chemisorption and decomposition of NO. 
Int. J. Mass Spectrom., 280:184, 2009. 
[29] G. Martfnez, E. Tangarife, M. Perez, and J . Mejfa-L6pez. Magnetic properties of small cobalt-
copper clusters. J . Phys.: Condens. Matter, 25:216003, 2013. 
[30] J. L. Rodrfguez-L6pez, F. Aguilera-Granja, K. Michaelian, and A. Vega. Structure and magnetism 
of cobalt clusters. Phys. Rev. B, 67:174413, 2003. 
[31] T Yang and M Ehara. Probing the electronic structures of Con(n = 1 5) clusters on -y-Al20 3 
surfaces using first-principles calculations. Phys. Chem. Chem . Phys., 19:3679, 2017. 
[32] J Guevara, F Parisi, A M Llois, and M Weissmann. Electronic properties of transition-metal 
clusters:consideration of the spillover in a bulk paramctrization. Phys . Rev. B , 55:13283, 1997. 
[33] S. Datta, M. Kabir, S. Ganguly, B. Sanyal, T. Saha-Dasgupta, a nd A. Mookerjee. Structure, 
bonding, and magnetism of cobalc; clusters from first-principles calculations. Phys. Rev. B, 
76:014429, 2007. 
[34] A Sebetci. Cobalt clusters (Con , n $ 6) and their anions. Chem. Phys. , 354:196, 2008. 
[35] Q-M Ma, Z Xie, J Wa ng, Y Liu, and Y-C Li. Structures, stabili ties and magnetic properties of 
small Co clusters . Phys. Lett. A, 358:289, 2006. 
[36] P Avramov, S Sakai, H aramoto, K arumi, Y Matsumoto, and Y Maeda. Theoretical DFT 
study of atomic structure and spin tates of the Cox(C6o)n (x = 3 8, n = 1, 2) complex 
Large orbital magnetic moments of small cobalt clusters 18 
nanoclusters. J. Phys. Chem. C, 112:13932, 2008. 
[37] H-J Fan, C-W Liu, and :M-S Liao. Geometry, electronic structure and magnetism of small Con 
(n = 2 8) clusters. Chem. Phys. Lett. , 273:353 , 1997. 
[38] A Andriotis and M Menon. Tight-binding moleculaT-dynamics study of ferromagnetic clusters. 
Phys. Rev. B, 57: 10069, 1998. 
[39] M. Fhokrul Islam and Shiv N. Khanna. Stable magnetic order and charge induced rotation of 
magnetization in nano-clusters. Applied Physics Letters, 105:152409, 2014. 
[40] P. rvllynarski, M. Iglesias, M. Pereiro, D. Baldomir, and L. Wojtczak. Properties and structure of 
small cobalt clusters. Vacuum, 54:143, 1999. 
[41] J Mejfa-L6pez, A Mejfa-L6pez, and J Mazo-Zuluaga. Uniaxial magnetic anisotropy energy 
of bimetallic Co- i clusters from a first-principles perspective. Phys. Chem. Chem. Phys. , 
20:16528, 2018. 
[42] L Liu, R-N Zhao, J-G Han, F-Y Liu, G-Q Pan, and L-S Sheng. Does the incoming oxygen atom 
influence the gcometries and the electronic and magnetic structures of Con clusters? J. Phys. 
Chem. A , 113:360, 2009. 
[43] A. Nakajima, T. Kishi, Y. Sone, S. onose, and K. Kaya. Reactivity of positively charged cobalt 
cluster ions with CH1 , N2, H2, C2H1 , and C2H2. Z Phys D Atom Mol Cl, 19:385, 1991. 
[44] P. Gambardella, S. Rusponi, M. Veronese, S. S. Dhesi, C. Grazioli, A. Dallmeyer, I. Cabria, 
R. Zeller, P. H. Dederichs, K. Kern, C. Carbone, and H. Brune. Giant magnetic anisotropy of 
single cobalt atoms and nanoparticles. Science, 300:1130, 2003. 
[45] P. Bruno. T ight-binding approach to the orbital magnetic moment and magnetocrystalline 
anisotropy of transition-metal monolayers. Phys. Rev. B, 39:865, 1989. 
[46] G. van der Laan. Microscopic origin of magnetocrystalline anisotropy in transition metal thin 
films. J. Phys.: Condens. Matter, 10:3239, 1998. 
[47] D.M. Paige, B. Szpunar, and B.K. Tanner. The magnetocrystalline anisotropy of cobalt. J. Magn. 
Magn. Mater., 44:239, 1984. 
[48] E.U. Condon and G.H. Shortley. The Theory of Atomic Spectra. Cambridge Univ.Pr.209. 
Cambridge University Press, 1951. 
[49] Bcrdyugina, S. V. and Solanki, S. K. The molecular Zeeman effect and diagnostics of solar and 
stellar magnetic fields - I. Theoretical spectral patterns in the Zeeman regime. A &'A, 385:701, 
2002. 
[50] A. Asensio Ramos and J. Trujillo I3ueno. Theory and modeling of the Zeeman and Paschen-I3ack 
effects in molecular lines. The Astrophysical Journal, 636:548, 2006. 
[51] J Meyer, M Tombers, C van Wi.illen, G iedner-Schatteburg, S Peredkov, W Eberhardt, M Neeb, 
S Palutke, M Martins, and W Wurth. The spin and orbital contribut ions to the total magnetic 
moments of free Fe, Co, and Ni clusters. J. Chem. Phys. , 143:104302, 2015. 
[52] D. Gatteschi, R. Sessoli, and J. Villain. Molecular Nanomagnets. OUP Oxford, 2011. 
